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Featured Application

This work provides new insights into the bandgap engineering of transition metal-doped
oxides, offering potential applications in photovoltaics, transparent conductors, plasmonic
devices, and electrocatalysis.

Abstract

First-principles density-functional theory (PBE, Quantum ESPRESSO) was employed to
quantify how Fe substitution modulates the structural, elastic, electronic, and optical be-
haviour of cubic fluorite FexZr1−xO2 (x = 0.00–1.00). The fluorite FeO2 end member was
treated as a hypothetical ambient-pressure limit to trace trends across the solid solution
(experimental FeO2 being stabilized in the high-pressure pyrite phase). Mechanical stability
was verified via the cubic Born criteria, and composition-dependent stiffness and anisotropy
were assessed through Voigt–Reuss–Hill moduli, Pugh ratio, and elastic indices. A strong
band-gap narrowing was found—from 3.41 eV (x = 0) to ≈0.02 eV (x = 0.50)—which was
accompanied by a visible–NIR red-shift, large absorption (α ≈ 105 cm−1 at higher x), and
enhanced refractive index and permittivity; metallic-like response was indicated at high Fe
content. Spin-polarized calculations converged to zero total and absolute magnetization,
indicating a non-magnetic ground state at 0 K within PBE. The effect of oxygen vacan-
cies (V0)—expected under Fe3+ charge compensation—was explicitly considered: V0 is
anticipated to influence lattice metrics, elastic moduli (B, G, G/B), and sub-gap optical
activity, potentially modifying stability and optical figures of merit. Stoichiometric (formal
Fe4+) predictions were distinguished from V0-rich scenarios. Absolute band gaps may be
underestimated at the PBE level.

Keywords: fluorite oxides; quantum ESPRESSO; Fe-doped ZrO2; semi-metallic oxides;
bandgap engineering; TCOs

1. Introduction
Metal oxide materials have attracted considerable attention due to their diverse func-

tional properties and wide range of technological applications in catalysis, sensors, transpar-
ent conductors, fuel cells, and photovoltaic devices [1–3]. Among these, zirconium dioxide
(ZrO2) stands out as a versatile and stable oxide material, renowned for its high melting
point (~2700 ◦C), low thermal conductivity, excellent chemical stability, and exceptional
mechanical strength [4,5]. ZrO2 exhibits polymorphism, primarily existing in monoclinic
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(P21/c), tetragonal (P42/nmc), and cubic fluorite-type (Fm3m) crystal structures, with the
cubic fluorite phase being particularly desirable in high-temperature applications and
ionic conductivity systems due to its oxygen vacancy stabilization capabilities [6]. The
metastable tetragonal and cubic phases can be stabilized at room temperature through
doping with aliovalent cations (e.g., Y3+, Ca2+, Mg2+), enhancing its ionic conductivity for
solid oxide fuel cell (SOFC) electrolytes and thermal barrier coatings [7].

Recent studies have explored the potential of transition metal doping in ZrO2 to
enhance its electronic, magnetic, catalytic, and optical behaviour [8–10]. Among various
dopants, iron (Fe) has been of particular interest due to its ability to introduce localized 3d
states in the electronic structure, modify optical absorption characteristics, and improve
charge carrier transport [11]. Fe-doped ZrO2 systems have been experimentally and theoret-
ically investigated for applications in photocatalysis (e.g., dye degradation, water splitting),
solid oxide fuel cells (SOFCs), and spintronic devices due to their mixed ionic–electronic
conductivity and possible room-temperature ferromagnetism [12]. The incorporation of Fe
into ZrO2 is also known to influence the structural stability and mechanical properties of the
host lattice, often inducing lattice distortion and altering phase stability due to differences
in ionic radii (Fe2+: 0.78 Å, Fe3+: 0.64 Å vs. Zr4+: 0.84 Å) [13]

Furthermore, the development of Fe-containing mixed oxides, such as FeO2, has
opened new pathways for engineering materials with tailored properties. Recent high-
pressure studies have revealed that FeO2 adopts a pyrite-type structure (Pa3) under extreme
conditions, exhibiting unique electronic and magnetic properties [14,15]. The Fe3+/Fe2+

redox behaviour in such oxides plays a crucial role in catalytic processes, including the
oxygen evolution reaction (OER) and Fenton chemistry [16–18]. In ZrO2-based systems,
Fe doping can facilitate bandgap tuning (from ~5 eV in pure ZrO2 to ~2–3 eV in Fe-doped
ZrO2), dielectric enhancement, and optical activity extension into the visible spectrum,
which are essential for photovoltaic and optoelectronic applications [18,19]. However,
a comprehensive understanding of how Fe substitution affects the structural, electronic,
elastic, and optical properties of ZrO2 in its fluorite configuration remains underdeveloped,
particularly at varying doping concentrations.

In this context, the present work aims to systematically investigate the effect of Fe
concentration on the structural, electronic, elastic, and optical properties of FexZr1−xO2

(x = 0.0, 0.25, 0.5, 0.75, 1.0) using first-principles density-functional theory (DFT). The study
not only provides valuable insights into the fundamental behaviour of Fe-doped ZrO2

systems but also evaluates their potential suitability in photovoltaic and photonic devices.
The results offer a deeper understanding of property trends with compositional variation
and present new directions for the design of multifunctional oxide materials.

2. Materials and Methods
All calculations in this study were performed based on first-principles DFT using

the Quantum ESPRESSO simulation package [20,21]. The initial crystal structure was
adopted from the Materials Project database (mp-1565), corresponding to the fluorite-type
ZrO2 structure. A full structural relaxation was carried out for each composition using the
Broyden–Fletcher–Goldfarb–Shanno (BFGS) optimization algorithm [22], allowing both the
lattice parameters and atomic positions to relax simultaneously.

The exchange–correlation energy was treated within the Perdew–Burke–Ernzerhof
(PBE) form of the generalized gradient approximation (GGA) [23]. Ultrasoft pseudopoten-
tials (USPP) from the PSLibrary 1.0.0 were employed for all calculations, except for the
optical properties, which were computed using norm-conserving pseudopotentials (NCPP)
to ensure compatibility with the epsilon.x utility. A plane-wave energy cutoff (ecutwfc) of
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60 Ry (~816 eV) and a charge density cutoff (ecutrho) of 600 Ry (~8160 eV) were applied to
ensure convergence accuracy.

Atomic forces ere converged to below 0.001 eV/Å, with a stress threshold of
0.05 GPa, while the maximum Hellmann–Feynman force per atom was constrained below
0.0001 eV/Å. The Brillouin-zone integrations were carried out using a Monkhorst–Pack
grid [24] of 8 × 8 × 8 k-points for all self-consistent field (SCF) and structural
relaxation steps.

The elastic properties were computed using the Thermo_pw module of Quantum
ESPRESSO, based on finite strain theory. A total of nine different deformation steps were
applied to derive the full elastic tensor components for each composition.

The electronic band structures were computed along high-symmetry paths in the Bril-
louin zone. For the pure structures (x = 0.0 and x = 1.0), the path Γ—X—U|K—Γ—L—W—X
was adopted, while for the doped compositions (x = 0.25 and x = 0.75), the path
Γ—X—M—Γ—R—X|R—M was used. The x = 0.50 composition followed the path
Γ—X—M—Γ—Z—R—A—Z|X—R|M—A to accommodate the altered symmetry of the su-
percell. A Methfessel–Paxton smearing scheme was applied to improve electronic convergence.

In addition to the standard PBE-GGA calculations described above, we carried out
DFT+U (GGA+U) computations using the same Quantum ESPRESSO framework and
parameters. A Hubbard on-site correction (U ≈ 4 eV) was applied to the Fe 3d orbitals to
better capture the localized electron behavior and address the known bandgap underesti-
mation of GGA. All other settings (pseudopotentials, energy cutoffs, k-point mesh, etc.)
were identical to the PBE calculations. This GGA+U scheme was used to recompute the
electronic structure for each composition, as discussed in Section 3.3.

The optical properties were calculated using the epsilon.x module of Quantum
ESPRESSO. The complex dielectric function was obtained within the random phase ap-
proximation (RPA), and all frequency-dependent optical constants such as refractive index,
extinction coefficient, absorption coefficient, reflectivity, and energy loss function were
subsequently derived from the dielectric data. A conventional cell containing four ZrO2

units was used as the basis for doping simulations. Although spin-polarized calculations
were also tested, they did not result in significant changes in total energy or electronic
structure and were not retained in the final results.

3. Results and Discussion
3.1. Structural Properties and Chemical Stability

The structural properties and chemical stability of FexZr1−xO2 compounds were sys-
tematically investigated using first-principles DFT calculations. All compounds were
considered in the cubic fluorite-type crystal structure (space group Fm3m, No. 225). Struc-
tural optimizations were performed by fully relaxing both atomic positions and lattice
parameters until the ground-state configurations were reached.

Figure 1 illustrates the crystallographic representation of the fluorite-type FexZr1−xO2

structure, showing both the conventional cell and the primitive cell. The optimized lattice
parameters, and formation energies of the two end-member compounds (ZrO2 and FeO2)
are summarized in Table 1, alongside comparative values from previous experimental and
theoretical studies. For ZrO2, the calculated lattice constant is 5.12 Å, which is in excellent
agreement with experimental data and prior theoretical works, including values of 5.071 Å,
5.12 Å, 5.132 Å, and 5.133 Å [25]. This consistency validates the accuracy and reliability of
the computational parameters employed in this study.
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Figure 1. Crystallographic representation of the cubic fluorite FexZr1−xO2 structure (space group
Fm3m) (A) conventional cell (B) primitive cell.

Table 1. Comparison of lattice parameters, and formation energy of ZrO2 and FeO2

fluorite-type structures.

Lattice Parameter (Å) Formation Energy (eV)

FeO2 4.6 −7.65

Py-FeO2 4.55exp [26] 4.36exp [27] 4.36DFT+U [28] -

ZrO2 5.12 −5.06

ZrO2 5.07exp [29] 5.09exp [30] 5.11hf [31] 5.15PBE [32] -
Exp: experimental data, hf: DFT hybrid functional, Py: pyrite type, DFT+U: PBE+U.

In FeO2, the computed lattice parameter for the cubic fluorite model is a = 4.60a = 4.60a = 4.60 Å.
Experimentally, however, FeO2 stabilizes under high pressure (≈70–140 GPa) in the pyrite-
type (Py) structure rather than fluorite. The pyrite structure is cubic (space group Pa3),
analogous to FeS2: Fe is octahedrally coordinated (FeO6), and the oxygen sublattice forms
O–O dimers (peroxide units). This denser topology, together with the applied pressure,
yields smaller lattice parameters than those expected for an ambient-pressure fluorite
phase. Our study therefore uses hypothetical fluorite-FeO2 at 0 GPa as an end member
to explore continuous solid solutions with ZrO2. The difference between our values and
literature reports for pyrite-FeO2 primarily reflects (i) the distinct crystal phase and pressure
conditions and (ii) routine computational-methodology differences (choice of exchange–
correlation functional, pseudopotentials, etc.) [33].

In terms of chemical stability, the calculated formation energy (Ef) provides key insight.
The formation energies were determined based on the following relation [34]:

E f (FexZr1−xO2) =
E(FexZr1−xO2)− 4xEbulk(Fe)− 4(1 − x)Ebulk(Zr)− 8Ebulk(O)

4
(1)

where E represents the total energy per formula unit of the respective compound or elemen-
tal reference. Here ‘chemical stability’ refers strictly to negative formation enthalpy with
respect to the elements; it does not imply phase stability versus all competing oxides nor
dynamic stability. The results show a more negative formation energy for FeO2 (−7.65 eV)
compared to ZrO2 (−5.06 eV), indicating that the Fe-rich compound is chemically more sta-
ble under the given conditions. This trend can be attributed to the stronger Fe–O bonding
compared to Zr–O bonding in the fluorite framework.

The results show a more negative formation energy for FeO2 (−7.65 eV) compared to
ZrO2 (−5.06 eV), indicating that the Fe-rich compound is chemically more stable under
the given conditions. This enhanced stability can be linked to the stronger Fe–O bonding
compared to Zr–O bonding in the fluorite framework, as well as the effect of Fe substitution



Appl. Sci. 2025, 15, 10224 5 of 18

on increasing the surface area of the system, which, although moderate, facilitates improved
chemical reactivity and stabilization [35]. Figure 2 illustrates the variation in formation
energy (Ef) as a function of Fe concentration (x), showing a systematic decrease with higher
Fe content. The minimum formation energy is reached at x = 1, highlighting a strong
thermodynamic driving force for Fe incorporation into the ZrO2 matrix. These results
confirm that Fe doping is chemically favorable, promoting the formation and stabilization
of FexZr1−xO2 solid solutions across the studied composition range.

 

Figure 2. Variation of formation energy (Ef) as a function of Fe content (x) in FexZr1−xO2 compounds.

3.2. Mechanical Behavior and Stability

Elastic properties are fundamental parameters that characterize the response of ma-
terials to external mechanical stresses. They provide crucial insights into the stiffness,
compressibility, ductility, and overall mechanical integrity of a crystal. These properties
are strongly linked to the nature of atomic bonding and crystal symmetry. In particular,
the elastic constants (Cij) represent the stiffness coefficients associated with different direc-
tional deformations in the crystal lattice. Moreover, the bulk modulus (B), shear modulus
(G), Young’s modulus (E), and Poisson’s ratio (ν) offer a macroscopic perspective on how
materials respond to uniform compression, shear, tensile forces, and volumetric strain,
respectively. Evaluating these properties across various Fe concentrations in FexZr1−xO2

reveals the influence of Fe substitution on mechanical behavior and stability.
From the calculated elastic constants, it is evident that all compositions satisfy the

Born mechanical stability criteria, confirming the mechanical stability of FexZr1−xO2 for
all doping levels. For tetragonal systems, the conditions [36] such as C11 > 0, C33 > 0,
C44 > 0, C66 > 0, C11 > C12, and (C11 + C33 − 2C13) > 0 are fulfilled, ensuring structural
robustness under small deformations. The detailed elastic constants and verification of
these stability criteria are provided in Table S1 (Supporting Information).

Analysing the trends in Cij values from Table 2, we observe a general decline in the
principal stiffness coefficients (C11, C22, C33) with increasing Fe content. This reduction
reflects a progressive softening of the crystal lattice due to the weaker Fe–O bonding
compared to the stronger Zr–O interactions in undoped ZrO2. The off-diagonal elastic
constants, such as C12 and C13, remain relatively stable or slightly increase, indicating
modest variations in directional coupling within the crystal. Meanwhile, the shear elastic
constants (C44 and C66) show a marked decrease, especially at higher Fe concentrations,
implying a reduced resistance to shear deformation and enhanced ductility. For more
details on elastic moduli about FexZr1−xO2 see Table S2.
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Table 2. Elastic Tensor Components (GPa) for FexZr1−xO2.

x C11 C12 C13 C22 C33 C44 C66

0.00 520.77 93.90 93.90 520.77 520.77 63.59 63.59

0.25 482.36 90.90 90.90 482.36 482.36 77.61 77.61

0.50 475.86 113.55 107.22 475.86 525.97 86.89 102.08

0.75 519.96 103.26 103.26 519.96 519.96 81.25 81.25

1.00 623.45 107.07 107.07 623.45 623.45 121.58 121.58

This behaviour is mirrored in the calculated moduli. The bulk modulus (B) consistently
decreases with Fe incorporation, indicating enhanced compressibility of the material.
Similarly, the shear modulus (G) and Young’s modulus (E) decline with doping, confirming
a softening effect and reduced stiffness of the lattice Figure 3. These findings highlight
that Fe-doping promotes mechanical pliability in the ZrO2 host lattice. Furthermore,
the Poisson’s ratio (ν) increases slightly with Fe content, which typically correlates with
increased ductility and a shift from brittle to more ductile mechanical character.
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Figure 3. Variation in elastic properties vs. concentration. Bulk (B), Young’s (E), and shear (G) moduli
increase with increasing Fe content (x).

3.3. Electronic Properties

To elucidate the effect of Fe doping on the electronic behaviour of FexZr1−xO2, we
systematically computed the band structure and total density of states (TDOS) for different
Fe concentrations (x = 0.00, 0.25, 0.50, 0.75, 1.00) using DFT. These calculations reveal how Fe
incorporation significantly alters the bandgap characteristics, modifies the electronic state
distribution, and drives a transition from insulating to metallic behaviour as illustrated
in Table 3. Additionally, bandgap calculations were repeated using a PBE+U scheme
for all compositions (see Table 3). The GGA+U results supplement the PBE findings,
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demonstrating qualitatively improved behaviour (e.g., finite gaps in Fe-rich compositions)
without altering the overall trend of decreasing bandgap with increasing Fe content.

Table 3. Bandgap energy in electron volte for each Fe concentration x in FexZr1−x compounds
calculated using PBE+U approximation.

X Content PBE PBE+U Other Studies

0.00 3.41 - 3.31 1, 3.37 *2 3.86 **2

0.25 0.184 0.275

0.50 0.018 0.275

0.75 −0.062 0.025

1.00 0.252 0.30 Metal 3 Metal 4

1 [31] PBE; 2 [37] * PBE ** SCAN; 3 [38] OptB88vdW and TB-mBJ formalisms; 4 [39] Dynamic mean-field
theory (DMFT).

Figures 4–6 present the calculated band structures and TDOS for FexZr1−xO2. The pure
ZrO2 compound (x = 0.00) exhibits a direct bandgap of 3.41 eV at the Γ-point, consistent
with previous experimental reports (3.2–5.1 eV) and theoretical predictions (3.4–4.9 eV
using GGA) for cubic and tetragonal ZrO2 [3,40]. This confirms its classification as a wide-
bandgap semiconductor, suitable for UV-optoelectronic and insulating applications. Upon
Fe doping, a progressive narrowing of the bandgap is observed. For x = 0.25, the bandgap
reduces drastically to 0.184 eV, with a transition to a direct M–M gap. At x = 0.50, the
bandgap becomes indirect (R–A transition) and reduces further to 0.018 eV, indicating near-
metallic behaviour. By x = 0.75, a negative bandgap of −0.062 eV (X–R Overlap) is obtained,
signifying a transition to a semi-metallic state with band overlap (see Figure 4). This
behaviour is consistent with other Fe-doped oxides, such as Fe:TiO2 and Fe-doped CeO2,
where Fe 3d states introduce mid-gap defect levels that effectively reduce the bandgap and
enhance visible-light absorption [41].

Figure 4. The electronic band-structure Energy vs. high-symmetry points and Density of states vs.
Energy for ZrO2.
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Figure 6. The electronic band-structure Energy vs. high-symmetry points and Density of states vs.
Energy for FeO2.

With the inclusion of Hubbard U, the electronic structure is qualitatively altered for
the Fe-rich compositions. PBE+U calculations (applying U on Fe 3d) open up bandgaps that
PBE had underestimated. For example, at x = 0.75 (Zr0.25Fe0.75O2), PBE predicted a slight
band overlap (a negative gap), whereas GGA+U yields a small but finite bandgap of about
0.03 eV (Table 3), restoring a semiconducting state. Likewise, the FeO2 end member (x = 1.0)
shows an increased bandgap of ~0.30 eV under GGA+U, compared to the 0.25 eV gap from
PBE. In general, applying the Hubbard correction shifts all bandgap values upward (see
Table 3) and ensures that even the Fe-rich solid solutions remain semiconductors rather
than metallic. This adjustment brings our bandgap results into better agreement with
higher-level methods and experimental expectations—in particular, the GGA+U bandgaps
follow the same decreasing trend with x but do not collapse to zero, in line with hybrid-
functional predictions and literature reports for Fe-doped zirconia. The band-structure
and DOS plots from the GGA+U calculations for x = 0.25, 0.50, 0.75, and 1.00 are provided
in the Supplementary Information (Figures S1–S4), illustrating the opened gaps and the
upward shift in conduction band minimum due to the Hubbard U. We emphasize that these
DFT+U results complement the PBE data—they highlight the impact of electron correlation
on the band structure without changing the overall conclusions of bandgap evolution in
FexZr1−xO2.

The TDOS analysis supports this interpretation, showing a substantial contribution
from Fe 3d states near the Fermi level (E_F). This results in a high density of electronic
states at E_F, promoting metallic conductivity for x ≥ 0.25. The increased DOS near the
Fermi level implies higher carrier densities, which are desirable for transparent conductive
oxide (TCO) applications but may also lead to free-carrier absorption, potentially limiting
photovoltaic efficiency at higher doping levels. The emergence of a negative bandgap at
x = 0.75 is particularly significant. This indicates that the conduction band minimum has
overlapped with the valence band maximum, transitioning the material into a semi-metallic
regime. Such behaviour is not merely a theoretical artifact but has practical implications.
Semi-metals with negative bandgaps are valuable for various advanced technological
applications, including:
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• Transparent Conductive Oxides (TCOs): High electrical conductivity combined with
partial optical transparency makes Fe-rich ZrO2 compounds suitable for transparent
electrodes in solar cells, LEDs, and display technologies.

• Plasmonic Devices: Semi-metals can support surface plasmon resonances in the near-
infrared region, enabling biosensors, metamaterials, and photonic devices.

• Thermoelectric Applications: Coexistence of electron and hole pockets can enhance
thermoelectric performance by increasing electrical conductivity while maintaining
Seebeck coefficient contributions.

• Electrocatalysis: The metallic nature of Fe0.75Zr0.25O2 may facilitate fast electron trans-
fer reactions, improving performance in oxygen evolution reactions (OER) or hydrogen
evolution reactions (HER).

Similar metallic transitions have been reported in Fe-doped ZrO2 under high-pressure
conditions and in Fe-doped SrTiO3, where Fe 3d states hybridize with host electronic states,
leading to band overlap and gap closure [42,43]. These findings highlight that Fe doping
provides a tuneable pathway for engineering ZrO2-based materials, enabling a transition
from a wide-bandgap insulator to a semi-metallic conductor. This versatility opens new
avenues for applications in photovoltaic absorbers, transparent conductors, plasmonic
systems, and electrocatalytic devices, depending on the Fe concentration.

3.4. Optical Properties

The optical behavior of the studied material system as a function of compositional
variation (x = 0.00, 0.25, 0.5, 0.75, 1.00) was thoroughly investigated through first-principles
calculations. Key optical constants such as the refractive index (n), extinction coefficient (k),
reflectivity (R), and energy loss function (ELF) were extracted from the complex dielectric
function. These parameters provide vital insight into the electronic transition mechanisms,
photon-material interactions, and the suitability of the material for optoelectronic and
photonic applications.

The optical properties of FexZr1−xO2 were analyzed by computing the complex di-
electric function ε(ω) = ε1(ω) + iε2(ω), which provides fundamental insight into the
interaction of electromagnetic radiation with the material. The real part of the dielectric
function, ε1(ω) (Figure 7A), describes the dispersive response, while the imaginary part,
ε2(ω) (Figure 7B), represents the absorptive behavior due to electronic transitions.

 

Figure 7. (A) real and (B) imaginary parts of dielectric function as function of energy for FexZr1−xO2.

The ε1(ω) spectrum provides critical insight into the material’s polarization response
under an external electromagnetic field and determines the dispersive (non-absorptive)
optical behaviour. At low photon energies (infrared to visible range), ε1(0), also known
as the static dielectric constant, exhibits significant variation with Fe doping content.
The ZrO2 compound (x = 0.00) exhibits a moderate static dielectric constant ε1(0) = 6.67,
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consistent with previous studies on wide bandgap oxides [44,45]. For instance, Harrop
and Wanklyn (1967) reported a dielectric constant of 22 ± 3 for single-crystal zirconia [46],
while Sanesi et al. (1971) measured a value of 13.5 for monoclinic zirconia [47]. Additional
literature values for comparison with our findings are summarized in Table 4. These
findings align with the moderate ε1(0) observed in our study. As the Fe concentration
increases, a clear trend of enhancement in the static dielectric constant is observed for
x = 0.25 and 0.50, reflecting enhanced polarizability of the medium due to Fe-induced
states within the bandgap.

As the Fe concentration increases, a clear trend of enhancement in the static dielectric
constant is observed for x = 0.25 and 0.50, reflecting enhanced polarizability of the medium
due to Fe-induced states within the bandgap. Importantly, Fe doping is also known to
increase the density of oxygen vacancies, which act as donor-like defects that introduce
localized states within the bandgap [48]. These vacancy-induced states contribute to
additional sub-bandgap absorption, enhancing ε2(ω) in the visible range and thereby
improving the light-harvesting efficiency of the material.

At higher Fe doping levels (x = 0.75 and 1.00), ε1(ω) becomes significantly negative in
the low-energy range, indicating a metallic-like response. This transition aligns with the
previously observed bandgap closing, confirming the shift from semiconducting to semi-
metallic behaviour. In this regime, the combined effects of Fe 3d states and oxygen vacancy
levels produce strong free-carrier contributions, leading to plasmonic or reflective modes.
While such a response is unfavourable for photovoltaic applications due to increased
reflection and reduced light absorption, it may be useful in plasmonic devices where strong
light–matter interactions are desired.

Table 4. Optical properties of ZrO2 and FeO2 (this work vs. literature).

Optical Proprieties ZrO2 FeO2

Absorption coefficient (Cm−1)
This study Near-zero >105

Other studies Near-zero [49] About 105 [38]

Dielectric constant ε∞
This study 6.67

Other studies 5.85 [44] Not meaningful for a metal

Refractive index (visible)
This study 2.6 /

Other studies 2.15–2.20 [50] /

Figure 8 presents the energy-dependent absorption coefficient α(ω) of FexZr1−xO2 for
different Fe doping concentrations (x = 0.00, 0.25, 0.50, 0.75, 1.00). The absorption coefficient
is a fundamental optical property that quantifies the ability of a material to absorb photons
at different energies, and it directly reflects the optical bandgap and interband electronic
transitions. The absorption coefficient is calculated using the dielectric function components
as follows:

α(ω) =

√
2ω
c

[√
ε2

1(ω) + ε2
2(ω)− ε1(ω)

] 1/2
(2)

where ω is the photon angular frequency, c is the speed of light in vacuum, ε1 and ε2 are
the real and imaginary parts of the dielectric function, respectively.
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Figure 8. Absorption coefficient α(ω) of FexZr1−xO2.

For undoped ZrO2 (x = 0.00), the absorption coefficient starts to rise sharply around
3.4 eV, consistent with the electronic bandgap. The absorption remains significant across
the UV range, reflecting the material’s intrinsic wide-bandgap nature.

As Fe concentration increases, a significant redshift in the absorption edge is observed,
most notably at x = 0.25 and 0.50, where optical transitions begin at much lower energies
(<1 eV). This is in perfect agreement with the narrowing of the bandgap derived from band-
structure and ε2(ω) results. This behaviour enhances the absorption in the visible and near-
infrared (NIR) regions, which is critical for photovoltaic and optoelectronic applications.

High absorption coefficient materials are essential for achieving thin-film photovoltaic
devices, where light needs to be strongly absorbed in minimal thickness. In general, val-
ues above 105 cm−1 in the visible range are considered excellent for absorbers [19,51].
Therefore, Fe-doped ZrO2 (x = 0.25–0.50) exhibits favourable optical absorption charac-
teristics that make it a promising material for solar energy harvesting. The results clearly
highlight the synergistic effect of Fe doping on both the electronic structure and optical
absorption, enabling tuneable properties suitable for designing efficient photovoltaic and
optoelectronic devices.

The refractive index (n) and extinction coefficient (k) (Figure 9) were derived from the
dielectric function as:

n(ω) =

√
|ε(ω)|+ ε1(ω)

2
, (3)

k(ω) =

√
|ε(ω)| − ε1(ω)

2
(4)

The extinction coefficient k(ω), which quantifies optical absorption due to electronic
transitions, exhibits distinct trends across different Fe concentrations in FexZr1−xO2. A
sharp peak is observed in the low-energy range (0–2 eV), particularly for x = 1.00, where k
reaches approximately 72, indicating strong absorption in the infrared and visible spectrum.
This pronounced absorption suggests the presence of Fe-induced electronic states that
contribute to intrabank transitions or localized defect levels within the band structure.
As the photon energy increases, k(ω) rapidly decreases for all compositions, signifying
a reduction in absorption at higher energies, particularly in the UV range. This trend
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aligns with the behaviour observed in the imaginary part of the dielectric function ε2(ω)
and the absorption coefficient α(ω), confirming that optical losses diminish beyond the
visible regime. The impact of Fe doping is evident, as Fe-rich compounds (x = 0.75 and
x = 1.00) consistently exhibit higher k values across the spectrum, emphasizing enhanced
optical losses due to Fe-associated states. Despite this, Fe incorporation effectively enhances
low-energy absorption, making it a potential strategy for tailoring the material’s properties
for photonic and photovoltaic applications requiring near-infrared (NIR) absorption.
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Figure 9. (A) The refractive index (n) and (B) extinction coefficient (k).

The refractive index n(ω) of FexZr1−xO2 exhibits a strong dependence on Fe concen-
tration, with high initial values at low energies (E → 0), particularly for x = 0.75 and 1.00,
reaching n ≈ 25–29. This indicates strong light–matter interaction and increased polar-
izability, likely due to Fe 3d orbital contributions. As energy increases, n(ω) decreases
sharply between 0–4 eV, following typical dispersion behaviour, before stabilizing at higher
energies. The overall trend shows that higher Fe content enhances optical density, consis-
tent with the behaviour of the real part of the dielectric function ε1(ω). The combination
of high refractive index and strong absorption (k, ε2) makes Fe-doped ZrO2 a promis-
ing material for photocatalysis, infrared detection, solar energy absorption, and optical
coatings. However, the increased optical losses at high Fe content must be optimized for
specific applications.

The reflectivity (R) spectra revealed prominent reflection peaks at low energies, espe-
cially for x = 0.00 and x = 0.25, indicating dominant free carrier-induced reflection in the
infrared region (Figure 10). These peaks rapidly diminish with increasing photon energy,
and reflectivity values become relatively constant in the higher energy range. The low
reflectivity in the visible and UV range is advantageous for photovoltaic and anti-reflective
coating applications. This trend is in good agreement with reflectivity values reported
for similar perovskite systems, where reflection is high near zero energy but falls off with
increasing photon energy.

The energy loss function (ELF), which characterizes the energy dissipation of fast
electrons within the material, exhibited sharp peaks between 10–15 eV (Figure 11). These
peaks correspond to plasmon resonance frequencies and signify the plasma oscillation
energy of free electrons. Notably, ELF peaks varied in position and intensity with com-
position, reflecting changes in electronic density and bonding character. The presence of
pronounced plasmon peaks at relatively high energies is consistent with other perovskites,
where plasma energies typically lie in the 10–15 eV range. The highest ELF intensities for
x = 0.00 and x = 0.25 suggest strong collective oscillation responses at these compositions,
which may be relevant in high-frequency photonic applications.
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Figure 10. Reflectivity index vs. energy in electron volts.
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Figure 11. The energy loss function vs. energy.

4. Conclusions
In this study, a comprehensive first-principles investigation was carried out to examine

the effect of Fe substitution on the structural, electronic, elastic, and optical properties of
FexZr1−xO2 (x = 0.0, 0.25, 0.50, 0.75, 1.0) compounds adopting the fluorite crystal structure.
The results demonstrate that Fe incorporation into the ZrO2 lattice leads to significant
modifications in the material’s fundamental properties, making it a promising candidate
for various functional applications. From the structural analysis, a systematic contraction
in lattice parameters with increasing Fe content was observed, consistent with Vegard’s
law and attributed to the smaller ionic radius of Fe compared to Zr. The formation energy
calculations confirmed that all compositions are chemically favourable, with enhanced
chemical stability achieved at higher Fe concentrations. Electronic structure analysis
revealed that Fe doping effectively narrows the bandgap, with a transition from wide-
gap semiconducting behaviour in pure ZrO2 (direct bandgap of 3.4 eV) to low-gap or
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nearly metallic behaviour in intermediate compositions. This tuneable bandgap opens
the possibility of optimizing the material for visible-light absorption and photovoltaic
applications. Total and partial density of states analysis confirmed the influence of Fe 3d
orbitals in modifying the valence and conduction band edges. The optical response, derived
from the complex dielectric function, demonstrated enhanced light absorption in the visible
and near-infrared regions for Fe-rich compositions. Key optical constants—including
absorption coefficient, refractive index, extinction coefficient, reflectivity, and energy loss
function—were evaluated. The materials exhibit high absorption coefficients (>105 cm−1) in
the visible region, low reflectivity at higher photon energies, and strong dielectric screening,
confirming their viability for solar energy conversion, photodetectors, optical coatings,
and plasmonic devices. Elastic property analysis indicated that all compositions fulfil the
mechanical stability criteria. However, increasing Fe content results in a gradual softening
of the material, as evidenced by reduced bulk, shear, and Young’s moduli. This behaviour
suggests increased mechanical flexibility, which can be advantageous in strain-tolerant
photovoltaic devices and mechanically adaptive optoelectronic systems.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app151810224/s1, Figure S1: DFT+U electronic band structure
and density of states for Fe0.25Zr0.75O2 (x = 0.25); Figure S2: DFT+U electronic band structure
and DOS for Fe0.50Zr0.50O2 (x = 0.50); Figure S3: DFT+U electronic band structure and DOS for
Fe0.75Zr0.25O2 (x = 0.75); Figure S4: DFT+U electronic band structure and DOS for FeO2 (x = 1.00);
Table S1: Single-crystal elastic constants Cij (GPa) for FexZr{1−x}O2 (fluorite, 0 K, DFT); Table S2: De-
rived polycrystalline properties (Voigt–Reuss–Hill averages) and anisotropy indices for FexZr1−xO2

(fluorite, 0 K, DFT).
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